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Abstract  
 
TiO2, Al2O3 and ZnO are grown by atomic layer deposition (ALD) at 80 °C on graphene oxide 
(GO), synthesized by the improved Hummers method. The preparation steps and the products are 
followed by FTIR, Raman, TG/DTA-MS, SEM-EDX, XRD and TEM-ED. Both Al2O3 and TiO2 
grown with ALD are amorphous, while ZnO is crystalline. Through decomposing methylene 
orange by UV irradiation it is revealed that the GO itself is an active photocatalyst. The 
photocatalytic activity of the amorphous TiO2, deposited by low temperature ALD, is 
comparable to the crystalline ZnO layer, which is the best photocatalyst among the studied 
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oxides. Al2O3 used as reference suppresses the photocatalytic performance of the GO by 
blocking its active surface sites. 
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1. Introduction 
 
Photocatalytic composites have great potential in the field of environmental remediation, water 
splitting and self-cleaning surfaces [1,2]. Among the various semiconductor oxide 
photocatalysts, TiO2 being stable and non-toxic is the most widely studied due to its ideal band 
gap width for both half reactions of water splitting [3–5]. However, its use still faces the 
difficulty of its narrow light response range limited to UV [2,6,7]. Among others, its composites 
with semiconductor-oxides or other nanomaterials, such as carbon nanostructures, may enhance 
the photocatalytic activity. The inhibition of recombination by promoting the charge separation, 
the widening of the wavelength response range and the modifying the photocatalytic selectivity 
are three advantages of TiO2 composites [8–11] 
Carbon-based nanomaterials, such as fullerene, carbon nanotubes (CNTs), carbon nanospheres, 
graphene, graphene oxide (GO) or carbon aerogels are very attractive substrates for TiO2 
composites, due to their high surface area, good thermal and electrical properties, and 
mechanical as well as chemical stability [12]. There are several ways how TiO2 and other 
semiconductor oxides can be deposited on carbon substrates (e.g. sol-gel synthesis, CVD, 
sputtering) [13–18]. Atomic layer deposition (ALD) is an outstanding tool as it allows the 
coating of complex and high surface area nanostructures in a conformal and homogeneous 
 4 
manner, with a precise control of the grown film thickness at nanometer scale [19–21] .There 
have been several ALD depositions on carbon substrates previously. The majority of them were 
done on CNTs [19]; however, there have been also attempts on graphene and graphene oxide. 
These latter studies involved depositing oxides (e.g. A2O3 [22]; TiO2 [23–30]) and metals (e.g. Pt 
[31]). The application of these composites included electrocatalysis [24], ion detection [31], Li 
battery electrodes [25,29], transistors [26]. Photocatalytic properties were only scarcely studied, 
and in this case TiO2 was grown in crystalline (anatase) form onto GO [24]. The photocatalytic 
performance of ALD grown amorphous TiO2/GO composites were not studied; however, 
recently it was shown that an amorphous ALD TiO2/fullerene composite had remarkable 
photocatalytic activity [32]. 
As substrates for ALD growth, the main disadvantage of the carbon substrates is that the direct 
deposition of oxide layers is challenging due to the chemical inertness of the surface. The films 
can typically nucleate only at defect sites or at functional groups. In the case of graphene, this 
can be overcome by using an NO2 layer first, which binds to the graphene as a Lewis base, and it 
serves as nucleation center for further ALD growth of other materials [24]. On the other hand, 
the GO exhibits a rich surface chemistry, as the graphene sheet is functionalized with chemically 
reactive carboxyl, hydroxyl and epoxy groups, which makes ALD growth much easier on GO 
than on graphene [33]. Due to these, GO also has attractive tunable electronic, magnetic and 
optoelectronic properties. Introduction of functional groups into the graphene lattice partially 
disrupts the in-plane symmetry of the carbon π-network and induces an optoelectronic bandgap 
in the electronic structure resulting in semiconducting GO [34,35]. This semiconductor behavior 
of GO might mean that GO in itself has photocatalytic activity; however, this is still a subject of 
debates [11,34,35]. The reason for the controversy can be that the exact composition and hence 
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the electric properties of GO strongly depend on the way of preparation. Therefore, the 
previously studied GO samples might have had small differences in their properties, and thus 
they could show diverse activities. This underlines the importance of a detailed characterization 
of GO prior to its application. [16,36–38] Hence, this study reports the synthesis of GO by the 
improved Hummers’ method, and the ALD growth of TiO2, ZnO and Al2O3 layers on the GO 
substrate at low temperature (80 °C). The as-prepared materials are studied by Fourier transform 
infrared spectroscopy (FTIR), Raman spectroscopy, simultaneous thermogravimetry and 
differential thermal analysis coupled on-line with mass spectrometry (TG/DTA-MS), scanning 
electron microscopy (SEM) with energy dispersive X-Ray analysis (EDX), X-ray powder 
diffraction (XRD) and transmission electron microscopy with electron diffraction (TEM-ED). 
The photocatalytic activity of bare GO and GO/oxide composites are also tested, which allows to 
determine whether GO has photocatalytic effect on its own and to compare the interaction of GO 
with the ALD deposited photocatalytically active and non-active oxides. The low temperature 
ALD growth resulted in amorphous TiO2, which enabled to investigate the possible 
photocatalytic effect of GO/amorphous TiO2 composite. As reference, ALD ZnO is selected as 
photocatalytically active crystalline semiconductor oxide, while Al2O3 as an inactive oxide 
photocatalyst. 
 
2. Results and discussion 
 
According to the SEM images, both the GO and the GO/oxide composites are present in 
micrometer scale flakes (Figure S1). EDX measurements show that the ALD doped GO 
composites contain only C, O and S atoms and the corresponding metals from the ALD grown 
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oxides (Table 1 and Table S1). The graphite starting material had 0.01 atom% S; therefore, the 
great majority of sulfur present in GO is the result of the exfoliation reaction. The Al and Zn 
content of the composites is 11.9 and 10.1 atom%, respectively, meaning that the amount of ZnO 
is ca. 25 % larger than the Al2O3 content; nevertheless, they are in the same order of magnitude. 
In contrast, even though we raised the number of the ALD cycles from 100 to 250 when 
depositing TiO2, much less Ti is detected (0.75 atom %) on the GO, because the TiO2 growth 
rate is lower [39]. 
The vibration bands belonging to the carbon GO support are at 3030 cm
-1
 (aromatic –CH), 
3080 cm
-1
 (=CH), 1650 cm
-1
 (C=C), 1400 cm
-1
 (=C-H) and 900 cm
-1
 (-CH deformation) (Figure 
2) [40,41]. The bands of the functional groups of GO are also visible in the FTIR spectra. The 
main stretching bands of the carboxyl and epoxy groups in the GO are at 1725 cm
-1
 (C=O) and 
1050 cm
-1
 (C-O). The band at 1250 cm
-1
 (-C-O-C) are assigned to the epoxy mode of the lactone 
group. The wide stretching hydroxyl band appears at 3400 cm
-1
 and the OH deformation band is 
also present at 1400 cm
-1
. As the GO sample contains sulfonyl functional groups [42], the 
corresponding stretching vibration bands are also visible at 1250 cm
-1
 (SO2 asymmetric) and 
1100 cm
-1
 (SO2 symmetric).  
When oxides are grown on the GO by ALD, they can be associated with the lattice vibration 
bands under 1000 cm
-1
 [43–45]. Al-O stretching bands are between 900-400 cm-1, i.e. the 900-
700 cm
-l
 region is assigned to tetrahedral AlO4, and the proposed characteristic frequencies of 
octahedral AlO6 are between 750-400 cm
-1
 [46–48]. The Zn-O stretching vibration is at around 
400 cm
-1
 [49,50]. In the TiO2 composite spectra, due to the low amount of TiO2, only smaller 
peaks are visible around 600 cm
-1
 [9,51,52]. Hence, FTIR spectra also confirm that the ALD 
process was successful with all the oxides on GO. The intensity of the bands belonging to the 
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carbon functional groups decreases after the ALD; e.g. it is clearly visible in the case of the 1725 
cm
-1
 (-C=O) band. However, the OH vibration bands are exceptions: after the ALD deposition 
these bands are as intensive as before. On the one hand, the ALD process uses up the OH 
functional groups; on the other hand, new hydroxyl groups appear on the surface of the new 
oxide layers. 
Figure 2a shows the TEM image of the GO sheets. In the case of the GO/TiO2 composite (Figure 
2b), because of the island type growth mechanism, only discrete particles form on the surface 
instead of a continuous TiO2 film [53]. In the case of the other oxides (Figure 2c-d), the ALD 
nucleation is easier, and the deposited oxides form continuous films on the GO sheets [19].  
Figure 3 demonstrates the powder XRD data. The peaks at 2Θ = 10,9° (001), 43° (100), 23° and 
27° are associated with the GO [54–56]. The long amorphous like baseline between 2Θ = 10-20° 
shows that the graphene sheets did not reassemble. The diffractograms of the TiO2 and Al2O3 
composites do not differ from the GO, i.e., both oxides are in amorphous phase. In contrast, ZnO 
is grown in crystalline form; the additional peaks, e.g. the characteristic triple peak at 2Θ = 35° 
and the large peak at 2Θ = 57° in the GO/ZnO composite are identified as wurtzite ZnO phase 
(ICDD 00-036-1451) [50,57,58]. The crystalline structure of ZnO as-grown by ALD is further 
confirmed by HRTEM and ED images recorded about the GO/ZnO sample (Figure S2). 
It is well known that the TG curve of GO has a main mass loss step around 200 °C, showing that 
the functional groups are leaving from the surface [43,59,60]. This step is well visible on the 
TG/DTA curves (Figure 4.). Based on the evolved gas analysis data, first the carboxyl, epoxy 
and hydroxyl groups (m/z 18
+
, 28
+
 and 44
+
) are removed, and then they are followed by the 
sulfonyl groups (m/z 64
+
). As mentioned previously, the GO has considerable S content 
originating from sulfonyl groups, which formed during the improved Hummers’ preparation 
 8 
method. The oxide deposition by ALD does not change the thermal characteristics significantly 
(Figure 4b-d). The GO/TiO2 (Figure 4b) has less residual mass % at 900 °C than the bare GO 
(Figure 4a). For GO/Al2O3 (Figure 4c) and GO/ZnO (Figure 4d), the residual mass at 900 °C is 
larger than in GO, as the oxides do not decompose.  
The photocatalytic efficiency of the GO and the GO/oxide composites is compared in Figure 5. 
GO prepared by the improved Hummers’ method and then lyophilized exhibits a clear 
photocatalytic effect. Immersing GO into the methyl-orange dye solution reduces the relative 
absorbance (A/A0) by 40 % after four hours of UV exposition [61–63]. The GO/Al2O3 composite 
is used as reference, because the Al2O3 itself does not have photocatalytic effect. In the 
corresponding composite Al2O3 only lowers the effectiveness of GO by covering and blocking 
active surface sites. In contrast, the photocatalytic activity of GO practically doubles when it is 
doped with a crystalline ZnO layer [50,57]. This composite reveals the highest photocatalytic 
activity. However, the GO/TiO2 composite has a considerable efficiency as well, comparable to 
the GO/ZnO composite. This is unexpected as amorphous TiO2 is considered to be 
photocatalytically inactive. Our finding shows that amorphous TiO2 formed by low temperature 
ALD on graphene oxide substrate does have a photocatalytic activity. It was reported recently 
that amorphous TiO2 thin films deposited on lotus leaves and Si sheets by low temperature ALD 
also displayed a photocatalytic effect [20]. The exact mechanism still needs to be elucidated. The 
source of the phenomenon may be, e.g. the interaction of TiO2 with the substrate, the presence of 
crystalline TiO2 nanodomains in the macroscopically amorphous TiO2, or impurities in TiO2 
coming from the ALD reaction.  
The role of the GO in the photocatalysis mechanism was reported in detail earlier in the case of 
GO-TiO2 composites, and similar phenomenon iss observed in our case by the GO/TiO2 and 
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GO/ZnO composites. Transfer of photogenerated electrons was observed from the conduction 
band of TiO2 to GO. These interacted with GO and could reduce certain functional groups on the 
surface of GO. On the other hand, holes reacting with OH groups on the TiO2 surface yielded 
OH radicals, which then could degrade the dye. [9,64] The as-resulting charge separation 
contributed to an increased photocatalytic activity, compared to bare GO or TiO2.  
To check the reproducibility of the composites, the sample with the highest activity, i.e. GO/ZnO 
are further investigated. In a second round of photocatalysis with the same GO/ZnO catalyst, 
there is only a few percent difference in effectiveness under UV light. It is also studied how the 
structure of GO might change during photocatalysis, i.e. small changes happen in the structure 
(Figure S3); however, these do not have significant negative effect on photocatalysis, as revealed 
in the repeated test. 
 
3. Conclusions  
 
In this study the application of ALD has been extended to form semiconductor oxide coatings on 
graphene oxide to obtain composites for photocatalytic purposes. At the used low ALD reaction 
temperature (80 °C) the TiO2 and Al2O3 grown on GO are amorphous, while a crystalline ZnO 
layer is obtained. The data reported here clearly demonstrate that GO alone, prepared by the 
improved Hummers’ method, does show photocatalytic activity. When the photoctalytically 
inactive Al2O3 is deposited on GO, it blocks the active surface sites of the GO and lowers its 
activity. Among the composites investigated, the GO/ZnO has proven to be the most active; 
however, the amorphous GO/TiO2 composite shows a comparable photocatalytic activity as well. 
This is in contrast with previous findings about amorphous TiO2 deposited by other methods. 
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Amorphous TiO2 grown by low temperature ALD clearly has photocatalytic activity. The exact 
mechanism of this phenomenon is not clarified yet. Its source might be, e.g. the interaction of 
TiO2 with the substrate, the presence of crystalline TiO2 nanodomains in the macroscopically 
amorphous TiO2, or impurities in TiO2 coming from the ALD reaction. Low temperature ALD of 
photocatalytic amorphous TiO2 clearly has a high potential, and can be used for coating highly 
structured heat sensitive substrates with self-cleaning photocatalytic films. 
 
4. Experimental section 
 
4.1. Preparation of GO suspension  
 
Graphene oxide (GO) was obtained by the improved Hummers’ method [65] from natural 
graphite (Graphite Tyn, GK, China). The pristine GO suspension was purified and mildly 
exfoliated by centrifuging (Jouan BR4i Multifunction Centrifuge, Thermo Scientific, USA) 5 
times (7000g) with 1 M HCl and 6–9 times (15100g) with doubly distilled water in order to 
remove unreacted graphite and inorganic salts. After the final washing and centrifugation step a 
light brown suspension with a GO nanoparticle content of 1 w/w% was obtained.[66]  
 
4.2. Lyophilisation of the GO suspension  
 
The suspension was frozen in liquid N2. Then the pressure was reduced to 1 Pa and the sample 
was kept at -35 °C for 3 days, allowing the frozen water in the material to sublimate. The solid 
GO obtained was stored at room temperature in dark. 
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4.3. Atomic layer deposition on GO 
 
TiO2, ZnO and Al2O3 were deposited on the freeze-dryed GO using H2O as well as Ti(OC3H7)4, 
Zn(CH3-CH2)2, Al(CH3)3 as precursors for TiO2, ZnO and Al2O3, respectively, in a Picosun 
SUNALE R-100 ALD reactor. The pulse and purge times were 0.5 s and 15 s, respectively, for 
both the metal and O precursors. All the depositions were carried out at 80 °C. 250 ALD cycles 
were used for TiO2 and 100 cycles for the ZnO and Al2O3 layers.  
 
4.4. Characterization 
 
SEM-EDX data were obtained by a JEOL JSM-5500LV scanning electron microscope after 
sputtering an Au/Pd layer on the samples. Au and Pd were not shown in EDX evaluation. The 
average EDX data reported here were calculated from 3 measured areas. 
FTIR measurements were carried out in the 4000 and 400 cm
-1
 range on a Biorad Excalibur 
Series FTS 3000 infrared spectrometer. The 300 mg KBr pellets contained 1.0 mg of the 
samples. 64 measurements were accumulated into one spectrum.  
TEM images were taken with a JEOL 3010 transmission electron microscope operating at 
300 keV. Prior to the measurements, the samples were dispersed in EtOH, and then deposited on 
Cu grids covered with a 10 nm Formvar film. HRTEM and ED images were made by a FEI 
Technai G2 X-TWIN TEM (200 kV) device. 
Powder XRD patterns were recorded on a PANanalytical X’Pert Pro MPD X-ray diffractometer 
using Cu Kα radiation. 
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TG/DTA measurements were conducted on a TA Instruments SDT 2960 simultaneous TG/DTA 
device in He atmosphere (130 mL/min) using an open platinum crucible and 10 °C/min heating 
rate. EGA-MS (evolved gas analytical) curves were recorded by a Balzers Instruments 
Thermostar GSD 200T quadruple mass spectrometer (MS) coupled on-line to the TG/DTA 
instrument. The on-line coupling between the two parts was provided through a heated (T=200 
°C), 100% methyl deactivated fused silica capillary tube (inner diameter of 0.15 mm). 
 
4.5. Photocatalysis  
 
The photocatalytic activity of the GO/semiconductor oxide composites was determined from 
their methyl orange (MO) degradation capability under UV light. 1.0 mg composite was 
suspended in 3 mL 4×10-5 mol/L methyl orange solution in a 4 mL quartz cuvette. The 
suspensions were kept in dark for 90 minutes to reach adsorption equilibrium (Figure S4). Then 
the cuvettes were placed in between two parallel UV lamps (Osram 18 W UV-A blacklights), at 
5 cm away from each lamp. The decomposition of methyl orange was followed by the 
absorbance of its 464 nm peak in every 30 min by a Jasco V-550 UV-VIS spectrophotometer at 
room temperature. To test the reproducibility of the results, after the first photocatalysis reaction 
with the GO/ZnO sample, the used MO solution was removed and replaced with a fresh one. 
According to the first photocatalytic test with GO/ZnO, when 1.0 mg composite was suspended 
in 3 mL 4×10-5 mol/L methyl orange solution, the GO-ZnO composite decomposed more than 
80% of the dye. Due to this, only 0.4 mg of GO-ZnO composite was suspended in 3 mL 4×10-5 
mol/L methyl orange solution in the case of the reproducibility tests to get more comparable 
results and not to reach too low dye concentrations to measure. 
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8. Figures 
 
 
Figure 1. FTIR spectra of GO, GO/TiO2, GO/ZnO and GO/Al2O3  
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Figure 2. TEM images of (A): GO, (B): GO/TiO2, (C): GO/Al2O3 and (D): GO/ZnO  
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Figure 3. XRD diffractograms of GO, GO/TiO2, GO/ZnO and GO/Al2O3 
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Figure 4. TG/DTA-MS results in He atmosphere: (A): GO, (B): GO/TiO2, (C): GO/Al2O3, (D): 
GO/ZnO.  
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Figure 5. Photocatalytic results of GO; GO/TiO2, GO/ZnO and GO/Al2O3 composites; MO 
shows the degradation of methyl orange without catalyst at room temperature 
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9. Tables 
 
Element (atom %) 
 Sample C O S Ti Al Zn 
GO 64.95 34.25 0.69 
   
GO/TiO2 63.97 34.91 0.34 0.75 
  
GO/Al2O3 59.94 30.34 0.86 
 
11.85 
 
GO/ZnO 59.10 29.34 0.58 
  
10.06 
 
Table 1. EDX data of GO as well as GO/TiO2, GO/ZnO and GO/Al2O3 composites 
 
 
